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(54) Method and system for producing hydrogen from solid carbon materials and water 

(57) A method and system for producing hydrogen 
from solid carbon materials and teed water are dis- 
closed as Including an arc plasnia reactor (APR) which 
has arc discharge electrodes and a largo number of 
minute arc passages (35) f onned in the solid carbon ma- 
terials filled In the plasma reactor. Feed water Is con- 
verted into steam In the plasma reactor and the steam 
is fed through the minute arc passages In whk:h steam 
reacts with the solid carbon materials in the presence of 
arc plasmas to produce hydrogen rich gas. 
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Description site and on-demand basis at a remarkably low cost. 

BACKGROUND OF THE INVENTION SUMMARY OF THE INVENTION 



1 . Reld of the Invention 

[0001 ] This invention relates to methods and systems 
for producing hydrogen and, more particularly, to a 
method and system for producing hydrogen rich gas to 
be used as chemical raw material and fuel for various 
applications. 

2. Description of the Related Art 

[0002] Extensive research and development worlcs 
have been undertal<en to produce hydrogen from water 
or natural gas which is subjected to steam refonning. 
[0003] U.S. Patent No. 5,030,661 discloses a steam 
refonning method for converting natural gas into hydro- 
gen. In this prior art method, the use of natural gas as 
starting material remari<ably increases the production 
cost of hydrogen. Further, due to the steam refomning 
process, there is a need for a largely sized furnace that 
consumes a large amount of energy consumption. Ac- 
cordingly, the hydrogen production plant is largely sized, 
with a resultant complicated steps In operation of the 
production plant and in a remarlcable increase in oper- 
ation costs. Also, the fumace tends to expel a large 
amount of CO2 which becomes a major cause of global 
wamning. 

[0004] U.S. Patent No. 5.1 59.900 discloses a hydro- 
gen production system using a undenwater arc dis- 
charge method between opposing carbon electrodes. In 
this system, an arc discharge area is limited in an ex- 
tremely small area between sharp edges of the oppos- 
ing electrodes, with only extremely small amount of 
steam reacting with carbon to produce hydrogen rich 
gas at an extremely low production yield. 
[0005] U.S. Patent No. 5,513,600 discloses an elec- 
trolyte reactor which includes a plurality of opposing 
electrodes for producing hydrogen and oxygen. In this 
structure, a large mount of hydrogen bubbles and oxy- 
gen bubbles are stlcl< to the surfaces of the electrodes, 
with a resultant degraded contact efficiency of water 
with respect to the electrode surfaces to cause a de- 
graded operating efficiency of the electrolyte reactor. 
[0006] U.S. Patent No. 5,690,902 discloses a hydro- 
gen generating apparatus which employs Iron powders 
filled in a tube. In this apparatus, although high temper- 
ature water is brought Into contact with the surfaces of 
the iron powders to cause oxidation of the metal surfac- 
es f orthereby producing hydrogen, the Iron surfaces are 
f omied with Iron hydroxides during reaction of water with 
iron powders, resulting in a degraded reacting efficien- 
cy. 

[0007] Thus, the prior art hydrogen production proc- 
esses and systems are extremely low in efficiency and 
it was extremely difficult to produce hydrogen on an on- 



s [0008] It is therefore an object of the present invention 
to provide a method and system for producing hydrogen 
at the highest efficiency from low cost solid carbon ma- 
terial and water on a mass production basis at a remartc- 
ably tow cost. 

10 [0009] According to one aspect of the present inven- 
tion, there Is provided a method of producing hydrogen 
from solid carbon materials and feed water, comprising 
the steps of; preparing an arc plasma reactor having a 
plasma reactor chamber and arc electrodes located in 

^5 the reactor chamber; supplying the solid carbon mate- 
rials into the reactor chamber to fomn a large number of 
minute arc passages In the solid carbon materials; sup- 
plying electric power to the arc electrodes to produce 
arc discharge plasmas In the minute arc passages, re- 

20 spectlvely; and passing steam through the minute arc 
passages to cause the steam to react with the solid car- 
bon materials under the presence of the arc discharge 
plasmas to produce hydrogen rich gas. 
[001 0] According to another aspect of the present in- 

25 vention, there is provided a hydrogen production system 
comprising: an arc plasma reactor having a solid carbon 
supply port, a feed water suppiy port, an insulating cas- 
ing fomned with a synthesis gas outlet, an arc plasma 
chamber fomried in the insulating casing, alternating cur- 

30 rent arc electrodes located in one end of the arc plasma 
chamber, a neutral electrode located In the other end of 
the arc plasma chamber, and a plurality of minute arc 
passages fomned in solid carbon materials filled in the 
arc plasma chamber; a feed water supply pump for sup- 

^ plying feed water into the arc plasma chamber via the 
feed water supply port to cause the feed water to be con- 
verted into steam; and an alternating current power sup- 
ply for supplying alternating cun-ent electric powerto the 
arc electrodes to cause arc discharge plasmas to be 

40 generated in the minute arc passages, respectively, 
such that the water is exposed to the arc discharge plas- 
mas to fomn the steam which reacts with the solid carbon 
materials during passing through the minute arc pas- 
sages to produce hydrogen rich gas. 

4S 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] The Invention, together with objects and ad- 
vantages thereof, may best be understood by reference 
50 to the following description of the presently preferred 
emt>odiments together with the accompanying draw- 
ings, in which: 

FIG. 1 is a schematic view of a hydrogen production 
55 system to carry out a method of the present inven- 
tion; and 

FIG. 2 is an enlarged cross sectional view of an arc 
plasma reactor shown in FIG. 1 . 
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DETAILED DESCRIPTION OF THE 

PREFERRED EMBODIMENTS 

[0012] Referring to the drawings, FIG. 1 shows a hy- 
drogen production system 10 of a prefen^ed embodi- 
ment according to the present invention to carry out a 
method of the present invention. 
[0013] In FIG. 1, the hydrogen production system 10 
is comprised of a solid carbon feed unit 12 which sup- 
plies solid carbon materials such as granular, particle, 
powder shaped or ball shaped graphite materials, acti- 
vated carbon materials or char coats, a water feed pump 
PI for supplying feed water, an arc plasma reactor APR 
for converting the solid cariDon particles in the presence 
of steam into hydrogen rich gas, a heat exchanger H 
located at a down stream side of the arc plasma reactor 
APR for cooling the hydrogen rich gas while preheating 
recycle water, a cooling unit 0 connected to the heat 
exchanger H for further cooling the hydrogen rich gas, 
a liquid/gas separator S for separating the hydrogen rich 
gas and condensed water, a recycle line 1 9, a circulation 
pump P2, shut-ff valves V1 to V5, and first and second 
reactors 15 and 17 for removing Impurities such as CO 
and CO2 contained In the hydrogen rich gas. The liquid/ 
gas separator S sen/es to separate condensed water 
from the hydrogen rich gas to compel the condensed 
. water to be recycled though the recycle line 1 9 and the 
circulation pump P2 to the arc plasma reactor APR as 
recycle water. 

[0014] FIG. 2 shows a detailed stmcture of the arc 
plasma reactor APR shown In FIG. 1 . In FIG. 2, the arc 
plasma reactor APR includes an arc reactor unit 14 con- 
nected to the solid carbon feed unit 1 2 , and the arc pow- 
er supply 1 6. The solid cah3on feed unit 1 2 Is comprised 
of a hopper 20 which stores solid carbon particles, a 
screw feeder 22 and a rotary valve 24 to continuously 
supply the solid carbon materials at a predetemnlned 
feed rate. The themial reactor unit 14 Includes a cylin- 
drical outer insulating casing 26 made of heat resistant 
ceramic, and an inner insulating casing 32 having a cy- 
lindrical plasma reaction chamber 34. An insulating 
electrode holder 28 Is coupled to an upper end of the 
Inner Insulating casing 32 by means of fixture bolts 30. 
The plasma reaction chamber 34 has an upstream side 
fonmed with a steam generating zone 34A and a down- 
stream side fomned with a hydrogen rich gas generating 
zone 34B. In a practical case, the hydrogen rich gas 
generating zone 34B occupies a major part of the plas- 
ma reaction chamber 34. When the solid carbon parti- 
cles are supplied into the plasma reaction chamber 34, 
a large number of minute arc passages 35 are fomned 
in the form of gaps between the solid carit>on materials 
through which large number of arc plasmas are created 
due to sparks in a unlfonm manner in the presence of 
steam which serves as plasma gas. When this occurs, 
feed water is exposed to a high temperature at the 
steam generating zone 34A and converted into a stream 



of steam. The stream of steam flows through the large 
number of minute arc passages 35 toward the down- 
stream side. During such flow of stream of steam, the 
steam reacts with the solid carbon materials under the 
5 presence of arc plasma to fomn the hydrogen rich gas 
containing hydrogen, carbon monoxide and cartaon di- 
oxide according to the fomiulae: 
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C + HgO-^CO + Hg 



CO + H2O CO2 + H2 



(1) 



(2) 



^5 [0015] The rate of hydrogen content in the hydrogen 
rich gas variably depends on the operating temperature 
in the reaction chamber 34. That Is, as the reaction tem- 
perature of the reaction chamber 34 Increases, the hy- 
drogen content In the hydrogen rich gas increases. 
[0016] The insulating electrode holder 28 supports 
rod-lil<e multiple arc electrodes 35, 38, 40. An annular 
disc shaped neutral electrode 42 is located at a lower 
portion of the Insulating casing 32. The neutral electrode 
42 has a conical surface 42a and a central opening 42b. 
The neutral electrode 42 Is placed and supported by an 
electrode holder 78 formed at a bottom of the Insulating 
casing 26 and fixed In place with fixture bolts 80. On the 
other hand, the electrode holder 28 has a carison supply 
port 50 connected to the solid carbon feed unit 12. An 
upper portion of the outer insulating casing 26 has a feed 
water supply port 52 formed In the vicinity of upper areas 
of the arc electrodes 36, 38, 40 for Introducing feed wa- 
ter Into the steam generating zone 34A. This is advan- 
tageous in that feed water serves as coolant for prevent- 
^ ing the electrodes 36, 38, 40 from being overheated and 
that feed water Is effectively converted into steam which 
serves as plasma gas for promoting generation of arc 
plasmas in the synthesis gas generating section 35. 
Outer peripheries of the inner casing 32 and the neutral 
electrode 42 are formed with cooling and heat recaptur- 
ing section 63 composed of annular coolant passages 
54, with the adjacent coolant passages being connected 
to one another through Intennedlate passages 54. The 
outer Insulating 26 has an Inlet 74 and an outlet 76 which 
^ communicates to one another via the coolant passages 
54. Connected to the electrode holder 78 via a sealing 
plate 83 by means of bolts 80 Is an insulating end plate 
82. The neutral electrode 42 and the end plate 82 have 
concentric bores 42b and 82a, respectively, in which a 
filter 84 is received to pass synthesis gas therethrough. 
The end plate 82 has a synthesis gas outlet 86. 
[0017] The inlet 74 is connected to the feed water line 
11 and the outlet 76 Is connected to the feed water sup- 
ply port 52. Feed water is preheated in the cooling sec- 
tlon 63 and is discharged from the outlet 76 into the feed 
water supply port 52. Feed water is then introduced into 
the steam generating section 34A to fomn plasma gas 
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composed of steam. A portion of the hydrogen rich gas 
emitting from the outlet 86 may be recycled through a 
recirculation line (not shown) into the plasma reaction 
chamber 34 in which the water shift reaction tal<es place 
In the manner expressed by the reaction f onmula (2) de- 
scribed above. Designated at 88 Is a seal member, 
[0018] In FIG. 2, the electrode holder 28 fixedly sup- 
ports alternating cun-ent three phase electrodes 36, 38, 
40 which are supplied with alternating three phase elec- 
tric power from the arc power supply 16. The neutral 
electrode 42 is connected to a neutral point of the three 
phase arc power supply 1 6, which provides electric pow- 
er output of output voltage in a value ranging from 30 to 
240 Volts at an output frequency of 10 to 60 Hz. 
[0019] Turning now bacl< to Fig. 1 , the first reactor 1 5 
Is comprised of a pair of reactors 150» 150' which are 
alternatively operated by means of the shut-off valves 
V2to VS. Each of the reactors 160. 150' contains active 
carbon particles 150a and a CO conversion catalyst 
150b composed of cobalt/nnolybdenum catalyst which 
Is sold by Nikki Chemical Co. Ltd. under the name 
"N938" which converts CO to CO2. The second reactor 
is composed of a COg absorption tower which includes 
a high pressure absorption reactor and a lower absorp- 
tion reactor, such as a known PSA (Pressure Swing Ab- 
sorption), both of which are filled with active carbon par- 
ticles to absorb remaining CO and COg to produce high- 
ly purified hydrogen gas Hg. The CO2 absorption tower 
17 may be filled with the carbon dioxide absorbent dis- 
closed in Japanese Patent Provisional Publication No. 
11-244652. 

[0020] In operation, the three-phase arc discharge 
electric power is supplied to the three-phase arc elec- 
trodes 36, 38, 40 of the arc plasma reactor APR while 
the screw feeder 22 and the rotary valve 24 are driven 
to feed the solid carbon material to the arc plasma re- 
actor APR. Next, the feed water supply pump PI is driv- 
en to supply feed water to the steam generating zone 
34A of the plasma reaction chamber 34 from the feed 
water supply port 52, with feed water being exposed to 
the high temperature to generate steam as plasma gas. 
Steam flows through the large number of minute plasma 
passages 35, with steam reacting with the solid carbon 
materials at the temperature of more than lOOO^'C to be 
converted Into hydrogen rich gas. The hydrogen rich gas 
is then cooled in the heat exchanger H and is further 
cooled in the cooler C to the temperature In the range 
between 60 to 90 '^C. The hydrogen rich gas thus cooled 
is supplied to the liquid/gas separator S where moisture 
component is separated from the hydrogen rich gas to 
produce condensed water. When condensed water 
reaches a given level, the pump P2 Is driven to supply 
condensed water to the feed water supply line 11 to be 
admixed with fresh feed water. Mixed water is preheated 
at the cooling section 63 of the arc plasma reactor APR 
and is then supplied to the feed water supply port 52. 
Dried hydrogen rich gas is then delivered to the first and 
second reactors 15 and 17 to remove the Impurities 



such as CO and CO2 in the manner as previously dis- 
cussed to produce a purified hydrogen gas I-I2. 
[0021] The system and method of the present inven- 
tion provides numerous advantages over the prior art 
3 practices and which Includes: 

(1) Feed water and solid carbon materials, which 
are extremely low In cost, can be utilized as the raw 
materials, resulting in a remari<able reduction in 

10 production cost of hydrogen, 

(2) The utilization of the arc plasma reactor which 
Is small in structure but has a high operating per- 
fonmance enables efficient production of hydrogen 
rich gas from low cost solid carbon material and 

IS feed water 

(3) Since whole of the solid cariDon materials are 
consumed only for producing hydrogen rich gas and 
no cari^on material is used as fuel for the reformer 
as would required In the prior art practice, the utili- 

20 zatlon rate of the cartDon materials Is extremely high 
that leads to a remarkable reduction in production 
cost of the hydrogen rich gas. 

(4) In the prior art practice, condensed water ob- 
tained during production of the hydrogen rich gas 

25 through the use of steam refonming method is ex- 
pelled outside, causing environmental contami- 
nants. On the contrary, the method and system of 
the present Invention enables condensed water to 
be recycled as recycle water which Is delivered to 

30 the arc plasma reactor APR, with a resultant re- 
markable decrease In the amount of feed water 
while eliminating environmental pollution. 

[0022] While a specific embodiment of the invention 
35 has been described In detail. It will be appreciated by 
those skilled in the art that various modifications and al- 
ternatives to those details could be developed in light of 
the overall teachings of the disclosure. Accordingly, the 
particular embodiment disclosed is meant to be illustra- 
40 tlve only and not limiting to the scope of invention which 
is defined in appended claims. 
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Claims 

1 , A method of producing hydrogen from solid carbon 
materials and feed water, comprising the steps of: 

preparing an arc plasma reactor having a plas- 
ma reactor chamber and arc discharge elec- 
trodes located In the reactor chamber; 
supplying solid carbon materials into the reac- 
tor chamber to fomi a large number of minute 
arc passages in the solid carbon materials; 
supplying electric power to the arc discharge 
electrodes to produce arc discharge plasmas 
in the minute arc passages, respectively; and 
passing steam through the minute arc passag- 
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es to cause the steam to react with the solid 
carbon materials under the presence of the arc 
discharge plasmas to produce hydrogen rich 
gas. 

5 

2. The method of claim 1 , wherein the thermal plasma 
reactor has an upstream side formed with a steam 
generating zone and a downstream side formed 
with a hydrogen rich gas generating zone, and fur- 
ther comprising the steps of: io 

supplying feed water into the steam generating 
zone of the arc plasma reactor to form the 
steam at the upstream side thereof; 
reacting the steam with the solid carbon mate- '5 
rials In the hydrogen generating zone In the 
presence of the arc discharge plasmas to gen- 
erate the hydrogen rich gas; 
cooling the hydrogen rich gas to separate con- 
densed water; and 20 
recycling the condensed water into the steam 
generating zone to be co nverted into the steam. 

3. The method of claims 1 or 2, further comprising the 
steps of: 25 



comprising: 

a liquid/gas separator unit coupled to the arc 
plasma reactor for separating the hydrogen rich 
gas and condensed water from one another; 
and 

a recycle line for recycling the condensed water 
to the arc plasma reactor to fomi the hydrogen 
rich gas therein. 



separating impurities containing CO and CO2 
from the hydrogen rich gas. 

4. A hydrogen production system comprising: 30 

an arc plasma reactor having a solid carbon 
supply port, a feed water supply port, an insu- 
lating caslngf omned with a synthesis gas outlet, 
an arc plasma chamber formed in the insulating 33 
casing, alternating cunrent arc discharge elec- 
trodes located in one end of the arc plasma 
chamber, a neutral electrode located in the oth- 
er end of the arc plasma chamber, and a plu- 
rality of minute arc passages formed In solid 40 
carbon materials filled in the arc plasma cham- 
ber; 

a feed water supply pump for supplying feed 
water Into the arc plasma chamber via the feed 
water supply port to cause the feed water to be 45 
converted into steam; and 
an alternating current power supply for supply- 
ing alternating current electric power to the arc 
discharge electrodes to cause arc discharge 
plasmas to be generated in the minute arc pas- so 
sages, respectively, such that the water is ex- 
posed to the arc discharge plasmas to form the 
steam which reacts with the solid carbon mate- 
rials in the presence of the arc discharge plas- 
mas during passing through the minute arc pas- 55 
sages to produce hydrogen rich gas. 

5. The hydrogen production system of claim 4, further 
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